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2ABSTRACT
Phosphatidylinositol (PI) deacylation in Saccharomyces cerevisiae results in the
formation and excretion of glycerophosphoinositol (GPI).  This is a predominant route of
PI turnover and is not unique to S. cerevisiae.  Released GPI can be transported back into
the cell through a membrane permease encoded by the GIT1 gene, Git1p.  Maximum
transport is achieved in low inositol/low phosphate conditions at pHs below 7, and the
addition of a protonophore to the GPI transport assay abolishes transport activity.  These
findings suggest that Git1p is a proton symporter.  An excess of unlabeled glycerol-3-
phosphate (G3P) inhibits the transport of radiolabeled GPI into S. cerevisiae.
Furthermore, radiolabeled G3P is transported into S. cerevisiae in a Git1p-dependent
fashion.  A GIT1 homolog from Schizosaccharomyces pombe (Sp-git1) was cloned.
Overexpression of Sp-git1 did not result in increased transport of GPI into S. cerevisiae
or S. pombe cells.  However, it resulted in increased transport of inositol in S. pombe.
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9INTRODUCTION
Yeast As A Model Organism
Understanding the biology of complex systems is facilitated by comparing them
with simpler organisms.  Saccharomyces cerevisiae (Figure 1) was the first eukaryotic
genome to be completely sequenced and has proved to be an invaluable model organism
for studying the workings of more complex systems.
Figure 1.  Budding S. cerevisiae  cell
There are a variety of reasons for S. cerevisiae being adapted to this role.  The
first being that genetic manipulation in yeast is easy and cheap, whereas such
manipulation, when possible in mammalian systems, is neither easy nor cheap [1].  S.
cerevisiae can be easily transformed using autonomous plasmids and also undergoes
homologous recombination at a high rate, allowing precise manipulation of the genome
for the construction of gene disruptions and allele-specific replacements [2].  A diploid
sexual cycle exists for yeast allowing facile genetic analysis including tests for
complementation, recombination and epistasis [2].  Following sporulation of the diploid,
four haploid spores are produced and held together in a sac-like structure called a tetrad.
Dissection of the tetrad releases the four haploid spores, the products of two meiotic
divisions.  These tetrads allow for the easy analysis of segregation and recombination [3].
Furthermore, haploids are useful for studying the phenotypes of recessive mutations.
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Other advantages of S. cerevisiae include its rapid growth cycle and its ability to grow on
defined media, providing complete control over the chemical and physical environment
[4].
The S. cerevisiae genome was sequenced by a collaboration of more than 600
scientists from over 100 laboratories.  It is approximately 12Mb, containing about 6000
genes on 16 chromosomes ranging in size from 200 to 2200 kb [5].  It encodes about
5800 proteins, of which half have been characterized.  The genome, which only contains
introns in ~5% of its genes, is tightly packed with coding sequences: genes represent 72%
of the total sequence.  For nearly 31% of all potential protein-encoding genes of yeast, a
statistically robust homolog was found among the mammalian protein sequences [6]. The
Saccharomyces Genome Deletion Project Consortium has constructed a set of nearly
6000 yeast strains each having a deletion of a single gene or ORF.  It includes both
haploid and diploid strains, thus providing a powerful scientific resource [7].
S. cerevisiae is distantly related to the sixth eukaryote completely sequenced,
Schizosaccharomyces pombe (Figure 2), but shares no conserved synteny (gene order)
with S. pombe[2].
                                     Figure 2. S. pombe cell dividing by fission.
S. pombe is thought to have diverged from S. cerevisiae around 330-420 million
years ago (Figure 3) and from metazoa and plants around 1000-1200 million years ago
[8].
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Figure 3.  Those species listed near S. cerevisiae are relatively closely related to
                 each other and to S. cerevisiae.  The alignments of their sequences to S.
                 cerevisiae sequences are likely to be most useful for identifying
                 conserved noncoding sequences. The more outlying species listed
                 above are more distantly related to S. cerevisiae, so alignments of S.
                 cerevisiae protein sequences to their homologs in these species are
                 likely to be more useful for identifying possible functional domains in
                 protein sequence [9].
  S. pombe is characterized by features of other ascomycetes, such as a fungal-type
cell wall, closed mitosis where the meiotic products are contained within an ascus, and an
ascomycete-like mode of sexual determination, but it appears extremely divergent in
terms of gene sequence [8].  Phylogenetic trees based on rRNA sequences have shown S.
pombe to be so greatly diverged that it was grouped with metazoans rather than yeasts or
other fungi [8]. Presumably, those proteins having homologs in both yeasts existed prior
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to the separation of their lineages from their last ancestor, and arguably, from the
eukaryotic lineages leading to multicellular organisms [10].  Many S. pombe proteins
have turned out to be more similar to their mammalian homologs than they are to their S.
cerevisiae counterparts [11].
All strains used by S. pombe researchers are derivatives of the original strains
used by Urs Leupold in the middle of the last century [12].  The S. pombe genome has not
experienced large genome rearrangements in its evolution and has the smallest eukaryotic
genome with only three chromosomes [12].
The S. pombe genome is 13.8Mb and encodes about 5400 genes [13].  Its genome
is less packed with genes than S. cerevisiae, with introns in about 43% of genes.  S.
pombe has hundreds of genes that are apparently absent in S. cerevisiae and vice versa.
S. pombe has more proteins that appear to be involved in transporting sugars or other
molecules, larger centromeres (300-1000 times larger) and an apparent lack of recent
whole-genome duplications.  These differences could make S. pombe a better model than
S. cerevisiae for understanding some eukaryotic processes [14].
 Phospholipid Metabolism in Saccharomyces cerevisiae
Membranes of all cells serve as protective barriers that confine particular
molecules to specific compartments and provide the cell with its basic structure.
Membranes are composed of a typical mixture of phospholipids, which serve a general
function in cellular compartmentation, but may also control the intracellular responses to
external stimuli [15].  Membrane lipids have also been implicated in such vital processes
as proliferation and differentiation in multicellular eukaryotes [15]. Perturbations in
13
phospholipid metabolism is a manifestation of a number of clinical problems including
Alzheimer’s disease [16], human immunodeficiency virus type 1 cytotoxicity [17], cystic
fibrosis [18], and polio virus replication [19].  Therefore, the biogenesis of membrane
phospholipids is an essential process in all eukaryotic cells and of significant medical
importance.
Phospholipid metabolism in S. cerevisiae (Figure 4) is very similar to that of
higher eukaryotes.  S. cerevisiae has all of the major eukaryotic phospholipids, and the
pathways by which they are synthesized, for the most part, are identical from yeast to
humans [10].
Figure 4.  Phospholipid metabolism in S. cerevisiae.  Glu-6-P: Glucose-6-
                 Phosphate, I-1-P: Inositol-1-Phosphate, DAG: sn-1,2-diacyl-
     glycerol, PA: Phosphatidic Acid, CDP-DAG: Cytidinediphosphate sn-
     1,2-diacylglycerol, I: Inositol, PI: Phosphatidylinositol, GPI: Glycero-
     phosphoinositol, PIP: Phosphatidylinositol Phosphate, PIP2:Phospha-
     tidylinositol Bisphosphate, PS: Phosphatidylserine, CDP-E: Cytidine-
     diphosphate-Ethanolomine, PE: Phosphatidylethanolomine, CDP-C:
     Cytidinediphosphate-Choline, PC: Phosphatidylcholine.  Rectangles
     represent inputs and circles represent outputs.  Relevant metabolism is
     shown in blue.
Glu-6-P I-1-P
I
Sphingolipids PIP GPI
DAG PA CDP-DAG
PS
PI
PE
PCCDP-CC
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CDP-E
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In this thesis, the relevant metabolism involves the synthesis and catabolism of
phosphatidylinositol (PI).  PI is essential for all eukaryotic cells in that it plays a
structural role in membranes, may be involved in enzymatic reactions and its
phosphorylated derivative, phosphatidyl 4,5-bisphosphate, plays a key role in signal
transduction [20, 21].  Stimulation of cells by various agonists elicits the cleavage of PI,
leading to the formation of two messenger molecules, inositol 1,4,5-trisphosphate and
diacylglycerol [22].
In yeast cells, PI is synthesized from the condensation of inositol and CDP-
diacylglycerol [23].  Inositol can be accumulated directly from exogenous inositol or
synthesized de novo from glucose-6-phosphate.  Exogenous inositol is actively
transported into cells through two inositol transporters encoded by two genes, ITR1 and
ITR2. The ITR1 product is the major inositol transporter, and ITR2, the minor transporter
[22].  Disruption of both ITR1 and ITR2 does not cause any abnormality in growth, but
inositol transport activity is not detectable.  Thus, ITR1 and ITR2 account for all of the
inositol transport activity [22].
INO1 and PIS1 are required for the de novo synthesis of inositol from glucose-6-
phosphate [15].  The INO1 gene encodes the soluble inositol-1-phosphate synthase (IPS)
enzyme which catalyzes the conversion of glucose-6-phosphate to inositol-1-phosphate,
which is subsequently dephosphorylated to inositol [24, 25].  INO1 has been isolated
from yeasts, protozoa, plants and mammals [26].  In S. cerevisiae, the level of activity of
INO1 is highly regulated and is the rate-limiting step in inositol biosynthesis [27].  It has
been shown that in the presence of high exogenous concentrations of inositol, the enzyme
activity is repressed 50-fold compared to cells grown in the absence of inositol [24, 25].
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PI has a half-life of two cell generations after which it is converted into two major
products: the phosphoinositol portion is incorporated into a phosphosphingolipid and
glycerophosphoinositol (GPI) is produced through PI deacylation [28].  The complete
deacylation of PI, presumably via a phospholipase B or phospholipase A and a
lysophospholipase to form extracellular GPI  (Figure 5) is a predominant PI turnover
route [29].  Deacylation of PI to GPI is not unique to S. cerevisiae.  It has been reported
in extracts of Penicillium notatum [30], guinea pig intestinal mucosa [31], and liver [32].
GPI also has been found in the male reproductive tract as a product of lipid deacylation
[33, 34].  GPI accounts for approximately 50% of the phosphorus and inositol lost from
PI during growth [35].  The remaining half occurs in the phosphoinositol sphingolipids
and a small percentage is phosphorylated to form PIP and PIP2 [10].
Figure 5.  Deacylation of PI to GPI
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Extracellular accumulation of GPI parallels growth on defined and complex
media [29].  In complete growth medium, GPI accumulation is linear.  However, in
media without glucose, the rate of GPI release is low, indicating that this process is
regulated by growth, energy metabolism, or some specific product of glucose metabolism
[28].
S. cerevisiae not only can release GPI into the medium, but is also capable of
transporting it back into the cell in an energy-requiring process regulated by the amount
of inositol in the medium [35].  Extracellular GPI is produced at much greater rates when
inositol is available in the media and GPI is reutilized by cells only when the levels of
inositol in the media are low [10].  In S. cerevisiae, the addition of glucose to glucose-
starved cells stimulates the production of extracellular GPI, GPI-4-P, and GPI-4,5-P2
[36].  This suggests that the nutrient signal of glucose refeeding activates a
phospholipase(s) and/or lysophospholipase that act to deacylate the respective
phosphoinositides [37].  In studies employing a strain in which both of the inositol
permeases have been deleted (itr1itr2 mutant) it has been shown that GPI enters the cell
via a transporter distinct from the inositol permeases [35].  This transporter, Git1p,
(Figure 6) is the product of the GIT1 gene [37].
Figure 6.  Schematic of PI and GPI metabolism.
PI(endogenous)
Gi
t1p
GPI
I
GPILow Inositol
High Inositol
G-3-P 2 FA
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GIT1 Gene
The ability of an S. cerevisiae strain bearing a deletion mutation in the INO1 gene
(rendering it an inositol auxotroph) to utilize extracellular GPI as an inositol source was
exploited to isolate a git1 mutant.  An ino1 strain was mutagenized with EMS and the
colonies were replica plated onto medium containing inositol, or GPI, or containing no
inositol source.  Colonies able to grow on only the first plate were chosen for further
analysis.  These mutants displayed the Git- phenotype [37].  To determine whether the
mutation was dominant or recessive, the mutants were crossed with an ino1 strain of
opposite mating type and growth on GPI medium was examined.  All diploids grew as
well as the parent ino1 strain.  Therefore, the mutation was determined to be recessive
[37].  Diploids heterozygous for the Git- phenotype and homozygous for ino1 were
sporulated and the tetrads were analyzed to determine if a single gene was responsible for
the mutation.  The Git- mutant phenotype segregated 2:2.  Therefore, the mutation was the
result of a disruption of a single gene, GIT1 [37].
The GIT1 gene was cloned by transforming the git1∆ino1∆ mutant with an S.
cerevisiae genomic library.  Plasmids capable of conferring growth on GPI to the mutant
were recovered from the yeast and amplified in bacteria.  Upon sequencing, it was
determined that one open reading frame restored the Git+ phenotype in the git1∆ino1∆
mutant [37].
The GIT1 gene, located on chromosome III, encodes a protein product of 518 aa
and a molecular weight of 57.3 kD.  Git1p contains a sugar motif and is predicted to have
12 membrane spanning domains.  The GIT1 gene bears similarity to a number of other
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metabolite transport proteins including the inositol transporters, ITR1 and ITR2 [37].  All
evidence indicated that git1p is a GPI permease.
GPI Transport
The transport of GPI through Git1p requires a source of energy.  In order to
harness this necessary energy, many active transport systems work as symporters.  That
is, the energy released through the movement of ions down its electrochemical gradient is
used to drive the transport of a second solute against its electrochemical gradient.  In
bacteria and yeasts, most active transport systems driven by ion gradients depend on H+
[38].  These ion gradients are driven by ATP hydrolysis (Figure 7).
Figure 7.  The primary transport of H+ out of the cells, driven by ATP hydrolysis,
     establishes a proton gradient.  Secondary active transport of GPI  into
     the cell involves symport of H+  and GPI by the Git1p permease.
ATP ADP
H+
H+
H+
H+
H+
H+
H+
H+
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 GIT1 Transcriptional Regulation
As already stated, inositol is required by all eukaryotic cells in the biosynthesis of
PI.  It has also been found that inorganic phosphate is an essential nutrient required for
the synthesis of nucleic acids, phospholipids and cellular metabolites.  Both inositol and
phosphate regulate the transcription of a network of genes involved in their metabolism
in S. cerevisiae.  As explained previously, inositol regulates phospholipid biosynthesis
through its effect on the INO1 gene as well as other co-regulated genes of phospholipid
biosynthesis [39].  Phosphate accumulation is achieved through the work of acid
phosphatases and phosphate transporters.  In S. cerevisiae, transcription of the PHO5
gene, which encodes the repressible acid phosphatase, is under the control of inorganic
phosphate via a complex network of regulatory factors [40].  The so-called ‘PHO system’
is comprised of five regulatory genes: PHO2, PHO4, PHO80, PHO81 and PHO85.
PHO2 and PHO4 encode the activators necessary for transcription of PHO5, whereas
PHO80 and PHO85 encode two negative regulatory proteins.
In high phosphate medium, a complex of negative regulators, Pho80p (cyclin) and
Pho85p (cyclin-dependent protein kinase) phosphorylate five serine residues of the basic
helix-loop-helix transcription factor, Pho4p [41].  This complex then turns off the
transcription of PHO genes by reducing the nuclear localization of Pho4p [42].  Pho4p is
indispensable for the transcriptional activation of the PHO structural genes by binding at
specific cis-acting regulatory sites [43].  When the phosphate concentration in the
medium is sufficiently low (Figure 8), Pho86p and Pho88p may stimulate Pho81p
activity [44].  Activated Pho81p inhibits the function of the Pho80p/Pho85p complex [45,
20
46], thus allowing Pho4p, in collaboration with Pho2p, a homeobox DNA binding
protein, to activate the transcription of the PHO genes [43].
Figure 8.  Simplified schematic of the PHO regulation mechanism showing the
                five main regulator proteins under high and low phosphate conditions
                [43].  Ovals represent proteins and rectangles represent genes.  Solid
                lines represent inhibition and dashed lines represent no inhibition.
The phosphate transport system in S. cerevisiae is characterized by a high-affinity
transport operative at low concentrations of phosphate and a low-affinity transport system
operative at high concentrations of phosphate [47].  The high-affinity transporter is
encoded by the PHO84 gene and cells defective in this transporter are essentially
phosphate starved and constitutively express PHO5 [48].  
It has been shown that GIT1 transcript accumulates during phosphate starvation or
conditions that mimic starvation [49, 50].  GIT1 overexpression suppresses a nongrowth
Pho81 Pho81
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phenotype in a mutant bearing deletion mutations in five known phosphate transporters
[48].  Genetic and biochemical studies indicate that GIT1 transcription and Git1p
transport activity are regulated by factors affecting inositol and phosphate availability,
thus providing a link between phospholipid metabolism and phosphate metabolism [39].
Phospholipid Metabolism in Schizosaccharomyces pombe    
Unlike S. cerevisiae, no de novo biosynthetic pathway exists for the synthesis of
inositol in S. pombe [51].  The INO1 gene is absent in S. pombe [26], thus making S.
pombe an absolute inositol auxotroph.  Studies have shown that inositol starvation in
fission yeast leads to altered cell-wall synthesis and impaired cell viability and that
certain inositol analogues can block nuclear division and cell separation [52, 53].
Mutants blocked partially in inositol transport have also shown to be defective in mating
and sporulation [54].
Under inositol-supplemented conditions, PI levels in the membrane are
comparable to that of S. cerevisiae [55].  In the absence of inositol, however, S. pombe
cells undergo growth stasis and eventually die.  Studies on S. pombe have demonstrated
an increased resistance to death in the absence of inositol as compared to S. cerevisiae
[55].  In comparable conditions of inositol deprivation, S. pombe responds with a much
greater increase in the levels of phosphatidylserine (PS) and a much steeper decline in PI
than in S. cerevisiae.  Since both PS and PI are anionic and carry the same net charge, the
increase in PS may help to preserve membrane charge balance in cells deprived of
inositol [55].
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The turnover of PI in S. pombe yields the turnover product of inositol rather than
GPI [28, 55].  Chromatography experiments examining extracellular metabolites of
inositol have yielded three different inositol-containing compounds.  One compound was
inositol itself, while neither of the remaining two corresponded to GPI.  It was also found
that neither can be reused in phospholipid synthesis by S. pombe cells.  It has been shown
that S. pombe does not excrete any significant amount of GPI into the medium of growing
or stationary phase cells [55].  The fact that S. pombe is an inositol auxotroph does not
account for the lack of GPI excreted since another inositol-requiring yeast,
Saccharomyces uvarum, has been shown to release GPI into the medium and the GPI can
be reutilized when starved for inositol [56].
Phytic acid, which is present in abundance in the natural environment of S.
pombe, was investigated as a potential source of inositol.  S. pombe was shown only to be
able to use phytic acid at a low pH (3.0) and at low phosphate (0.1mM) conditions [26].
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S. cerevisiae
S. bayanus
S. mikatae
S. paradoxus
S. bayanus
S. kluyveri
S. kudriavzevii
GIT1 Homologs in Other Fungal Species
The GIT1 gene seems to be a highly conserved sequence within S. cerevisiae's
immediate fungal neighbors.  Figure 9 displays the S. cerevisiae Git1p in a ClustalW
alignment with homologs found in other fungal species.
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S. cerevisiae
S. bayanus
S. mikatae
S. paradoxus
S. bayanus
S. kluyveri
S. kudriavzevii
Figure 9.  ClustalW alignment of S. cerevisiae's Git1p with homologs from other
                 fungal species [57].
It is not surprising that many amino acids are conserved (Figure 9) within these
relatively close fungal species.   It may be more worthwhile to observe the conservation
within species that are farther apart within the fungal taxonomy (Figure 10).  E values of
these further diverged homologs are listed in Table 1.
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Figure 10.  ClustalX protein alignment of multiple sequences from various fungal
                               species. (*) Identical amino acids; (:) Strongly similar amino acids;
                               (.) Weakly similar amino acids.  The various homologs are: (1) C.
       albicans (2) S. cerevisiae (3) C. albicans (4) N. crassa (5) P. nameko
       (6) S. pombe (7) M. grisea (8) P. paxilli (9) C. reinhardtii.
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 Organism                         Encodes      Bit Score  E Value
Saccharomyces cerevisiae  (2)         GIT1               994       0.0
Candida albicans          (1)    GIT1 (by homology)    572      e-163
Magnaporthe grisea        (7)    predicted protein       259      5e-69
Penicillium paxilli   (8)  metabolite transporter    250      4e-65
Neurospora crassa         (4)   hypothetical protein     236      6e-62
Pholiota nameko   (5)  metabolite transporter    236 9e-61
Schizosaccharomyces pombe (6)    GIT1 (by homology)      228      9e-60
Candida albicans          (3)    GIT1 (by homology)      228      1e-59
Chlamydomonas reinhardtii (9)   Phosphate transporter    144      4e-33
Table 1.  E values of selected organisms aligned in Figure 10.  Numbers
               correspond to the numbers listed in protein alignment in Figure 10.
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GIT1 gene of S. cerevisiae vs. Sp-git1 gene of S. pombe
As stated in Figure 3, comparing GIT1 between S. cerevisiae and a more distant
fungal relative may lead to an increased understanding in the conservation of function of
this gene.  The idea that a gene from S. pombe (Sp-git1) may in fact have the same
function as GIT1 stemmed from the finding of how highly conserved the amino acid
sequences are between the two yeasts (Figure 11).  Sp-git1 had a 27% identity and 45%
positive score according to BLAST search against S. cerevisiae’s GIT1.
Figure 11.  Protein alignment of Git1p and Sp-git1p.  Identical amino acids;
                  Strongly similar amino acids; Weakly similar amino acids.
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The GIT1 gene encodes a protein with 518 amino acids while the Sp-git1 gene
encodes a protein of 543 amino acids.  As shown in Figure 12, the hydropathy plots of
both proteins are extremely similar, revealing the presence of twelve hydrophobic
stretches that most likely correspond to twelve transmembrane domains.  This is a feature
found in many transport proteins for various substrates [58].
Figure 12.  Hydrophobicity analysis of Git1p and Sp-git1p using the Kyte-Doolittle
                   method [59].
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                Materials & Methods
SCREENING A Schizosaccharomyces pombe cDNA LIBRARY
Amplifying the S. pombe cDNA Library
An S. pombe cDNA library in pFL61 was obtained from Dr. M. Minet of the
Center of Molecular Genetics located in Gif-sur-Yvette, France.  This library had to be
amplified within bacterial cells before being transformed into yeast cells.  Bacterial cells
(JVE030 Appendix 1) were grown in LB medium (Appendix 2) at 37 °C with moderate
aeration until they reached an OD600 of 0.5-0.6.  Cells were harvested in an Eppendorf
5810R Centrifuge at 4000 x g at 4 °C for 10 minutes.  The harvested cells were washed
twice with sterile ice-cold H2O.  Washed cells were resuspended to a final volume of 0.5
ml with ice-cold H2O.  Cells (400µl), in addition to ~0.7 µg of the amplified cDNA were
electroporated for ~5 ms in the Eppendorf Electroporator 2510 set at 2500 V with a field
strength of 1.25 kV/ mm.  LB (1ml) was immediately added to the pulsed cells and the
suspension was incubated for 30 minutes with moderate shaking at 37 °C.  Cells (1 µl),
mixed with 50 µl LB were plated onto LB-ampicillin solid media.  After two days growth
at 37 °C the colonies were counted.  LB (1 ml) was pipetted onto each plate and the
colonies were thoroughly mixed with a plastic loop.  The mixed cell/LB solution was
collected into a 50 ml conical centrifuge tube and the pooled colonies were centrifuged at
5000 x g at 4 °C for 10 minutes.  The resulting pellet was suspended in an LB/ 40%
glycerol mixture.  Aliquots (1ml) were placed in cryotubes and frozen at –80 °C.
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Yeast Electroporation
An ino1∆git1∆ strain (JP101) (Appendix 1) was grown at 30 °C in YPD
(Appendix 2) to an OD600 1.3-1.5.  Cells were harvested by centrifugation at 4000 x g at 4
°C for 5 minutes.  The pellet of cells was washed twice with ice-cold sterile H2O and
centrifuged as above.  After the second wash, the cells were resuspended in 0.5 ml 1 M
sorbitol.    The electroporator was set at 1500 V with a field strength of 7.5 kV/ cm.
Washed cells (65 µl) were added to a 2 mm cuvette along with ~3 µg of amplified cDNA
and they were pulsed for ~5 ms.  Sorbitol (1 ml) was immediately added to the pulsed
cells, plated onto I+Ura - plates (Appendix 2) and incubated at 30 °C.
Lithium Acetate Transformation of Yeast
A single colony of JP101 was inoculated in 5 ml of liquid YPD and incubated at
30 °C with moderate shaking overnight.  A 50 ml culture of YPD was subsequently
inoculated to a cell density of 5 x 106 cells/ ml and incubated at 30 °C with shaking until a
density of  2 x 107 cells/ ml was reached.  Cells were harvested by centrifugation at 3000
x g at 4 °C for 5 minutes.  The resulting pellet was washed twice in 25 ml of sterile H2O
and suspended in 1.0 ml of 100 mM lithium acetate.  The suspension was transferred to a
sterile 1.5 ml microfuge tube and centrifuged for 5 seconds.  Following removal of the
supernatant, the cells were suspended to a final volume of 500 µl (2 x 109 cells/ ml) in
100 mM lithium acetate.  For each transformation, 50 µl aliquots were pipetted into new
microfuge tubes.  The tubes were centrifuged to pellet the cells and the following
components (transformation mixture) were added to the cell pellet in this exact order: 240
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µl PEG (50% w/v), 36 µl 1.0 M lithium acetate, 25 µl single-stranded DNA carrier (2.0
mg/ ml) and 50 µl H2O and plasmid DNA (0.1 µg- 10 µg).  The tube was vortexed
vigorously until the cell pellet was completely mixed.  The transformation mix was then
incubated at 30 °C for 30 minutes and heat shocked for 25 minutes at 42 °C.  The tubes
were microcentrifuged at 7000 x g at room temperature for 15 seconds and the
supernatant was removed.  The pellet was resuspended gently with 0.2-1.0 ml sterile H2O
and 200 µl aliquots were plated onto I+Ura- media and incubated at 30 °C for two days
[60].
Screening of Transformants
 I+Ura - plates from the yeast electroporation procedure were replica plated onto
the following media and placed at 30 °C:   I+Ura – media was used as a positive control on
which everything should grow, I-Ura- GPI+ (34 µM) media was used to screen for
plasmids containing a gene that would complement the ino1∆git1∆ mutant phenotype,
and I-Ura – media was used to eliminate plasmids conferring inositol prototrophy to the
colonies, as they would presumably contain the INO1 gene.
Plasmid-Loss Experiment
  Positive colonies from replica plating were streaked onto I+Ura- media in order to
maintain growth and keep selection on the plasmid of interest.  Colonies were then placed
into 1.0 ml of dH2O.  This was diluted in order to obtain single colonies on YPD media
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and grown at 30 °C for two days.  The plates were replica plated onto I+Ura- plates.
Those colonies that grew on both plates were grown on I-Ura- GPI+ media and those that
did not were grown on I-Ura+ GPI+ media.
CLONING Sp-git1 & GIT1
Preparing Chromosomal DNA
A 10 ml culture of the S. pombe strain PG9 (Appendix 1) was grown to saturation
in YPD, and cells were harvested by centrifugation at 4000 x g at room temperature for 5
minutes. Cells were resuspended in 0.5ml dH2O and transferred to a new microcentrifuge
tube.  The tube was centrifuged for 5 seconds, the supernatant decanted and the cells
were briefly vortexed in order to resuspended the pellet in the residual liquid.  A 0.2 ml
mixture of 2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-Cl (pH 8.0) and 1
mM EDTA was added.  Next, 0.2 ml of phenol:chloroform:isoamyl alcohol (25:24:1)
was added to the tube along with 0.3 g of acid-washed glass beads.  This mixture was
vortexed for 3-4 minutes at room temperature, followed by the addition of 0.2 ml of TE
buffer (10mM Tris, 1mM EDTA, pH 8.0).  The tube was centrifuged at 7000 x g at room
temperature for 5 minutes.  The aqueous layer was transferred to a fresh tube and 1.0 ml
of 100% ethanol was added.  The tube was mixed by inversion and centrifuged for an
additional 2 minutes.  The pellet was resuspended in 0.4 ml TE buffer (pH 7.4) and 3 µl
of a 10mg/ml RNase was added.  The tube was placed at 37 °C for 5 minutes.  Ten
microliters of 4 M ammonium acetate, along with 1.0 ml of 100% ethanol was added and
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the tube was mixed by inversion.  The tube was centrifuged at 7000 x g at room
temperature for 2 minutes and the pellet was resuspended in 50 µl TE buffer (pH 7.4)
[61].
Amplification of Sp-git1 and Plasmid Constructions
Amplification of Sp-git1 was accomplished by using the specific primers listed in
Table 1.  All primers were purchased from Sigma Genosys or Integrated DNA
Technologies.  The template was genomic DNA from the S. pombe strain, PG9.
Polymerase chain reaction (PCR) was performed on the Techgene by Techne.  The
following reaction mix was used for each amplification:  5 µl 10 X Buffer (100 mM Tris-
HCl pH 8.3, 500 mM KCl, 15mM MgCl2 1% Triton X-100), 1 µl Taq polymerase (Gene
Choice), 1 µl Primer 1, 1 µl Primer 2, 100 ng genomic prep, 1 µl dNTP mix (12.5 mM of
each nucleotide), and dH2O for a final volume of 50 µl.
The primers and genomic DNA were heated at 95 °C for 10 minutes before they
were added to the reaction mix.  The settings for the PCR were: 95 °C for 10 minutes, 40
cycles of (95 °C for 1 minute, 55 °C for 2 minutes, 72 °C for 2 minutes), and a final
extension step at 72 °C for 7 minutes.  The sample was then held at 4 °C.
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Table 2: List of Primers
NAME SEQUENCE (5' to 3') USE VENDOR
Sp-git1(Xho1) GTACCGCTCGAGATGTCTGGTGGCTGGG
AT
Sp-git1( 5211)
GTAACGCGTCGACAAGATTAGCATAAAA
TG
Sp-git1 (3)
GTACCGGTCGACATGTCTGGTGGCTGGG
AT
Sp-git1 (4)
GTAACGCCTCGAGAAGATTAGCATAAAA
TG
GIT1- CN1
GTACCGCTCGAGATGGAAGACAAAGAT
ATC
GIT1- CN2
GTAACGCGTCGACTTCAACTTTGATCGAC
C
Sp-git1 (Sequencing) 1 TAGTTGCGCACTTGATCACC
Sp-git1 (Sequencing) 2 CCTCCAAGTAAGGCACCAGG
Sp-git1 (Sequencing) 3 GACGCCAGACAATACGCAGA
Sp-git1 (Sequencing) 4 TGCCATTCTTACGACCAAAG
CLN1 CTAGAGTCGACAAGATTAGCATAAAATG
ATATG
To repair mutated stop of 
pCN102 codon using Promega's 
Site-Directed Mutagenesis Kit
Integrated DNA 
Technologies
CLN2 TCTTTTTCTGTTACATGAGCG
CLN3 TTGGAGCAGTAACCATCAGAC
CLN4 ACAATGGTACTGGAATACAAG
CLN5
TGAAAAGAAAAGGTCGCACTCAGGAAA
GGGTTGAAAGCAGGAGGGCGGTCGGGT
TCTTCC
To remove intron present in 
pCN107 using Promega's Site-
Directed Mutagenesis Kit
Integrated DNA 
Technologies
Sp-git1(Xho1) GTACCGCTCGAGATGTCTGGTGGCTGGG
AT
Sp-git1(Sal1) GTAACGCGTCGACAAGATTAGCATAAAA
TG
CLN7 AGATTAGCATAAAATGATATGATGAAA
CLN8 TCTTGTCGACTCTAGAGGATCCCCGGG
INTRON FOR AGGTCGCACTCAGGAAAGGGTTGAAAG
CAGGAGGGCGGTC
INTRON REV GACCGCCCTCCTGCTTTCAACCCTTTCCTG
AGTGCGACCT
To remove intron present in 
pCN107 using Promega's Site-
Directed Mutagenesis Kit
Integrated DNA 
Technologies
To repair mutations of pCN102 
using Promega's Site-Directed 
Mutagenesis Kit
Integrated DNA 
Technologies
Integrated DNA 
Technologies
To repair mutated stop codon 
of pCN102 using Stratagene's 
Excite PCR-based Site-
Directed Mutagenesis Kit
To PCR Sp-git1 out of the 
genome with Xho1  and Sal1 
restriction sites in order to 
clone into pREP4X
To PCR Sp-git1 out of the 
genome with Sal1  and Xho1 
restriction sites in order to 
clone into p424
To PCR Sp-git1 out of the 
genome with Xho1  and Sal1 
restriction sites in order to 
clone into pREP4X
Integrated DNA 
Technologies
Sigma Genosys
Sigma Genosys
Sigma Genosys
Sigma Genosys
To PCR GIT1 out of JP101 with 
Xho1  and Sal1 restriction sites 
in order to clone into p424
To sequence Sp-git1
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Agarose Gel Electrophoresis
Fifty milliliters of 1X TAE Buffer ( 50 X Stock: pH 8.5, 242 g Tris base, 57.1 ml
glacial acetic acid, 37.2 g Na2EDTA•2H2O, H2O to 1 liter) was used to suspend 0.5 g of
agarose (Fisher Scientific DNA Grade) and the mixture was microwaved for 2 minutes
until the agarose was completely dissolved.  After cooling, 1.6 µl of 10 mg/ ml ethidium
bromide was added to the solution and mixed.  Gels were electrophoresed in  1X TAE
buffer at ~90 volts.
Gel Extraction
DNA run through agarose gels was cut out of the gel with a sterile razor blade and
placed into a clean 1.5 ml microfuge tube.  Purification of the DNA was then carried out
according to the protocol included with QIAGEN’s QIAquick Gel Extraction Kit.
PCR Purification
DNA not run on a gel was purified using the recommended protocol included
with QIAGEN’s QIAquick PCR Purification Kit.
Restriction Digests
All digestions were performed at 37 °C.  Single digestion reactions were as
follows:  0.5 µg DNA, 2 µl 10 X buffer, 1 µl restriction enzyme, and dH2O for a final
volume of 20 µl.  Double digestions were as follows: 1.0 µg DNA, 5 µl 10 X buffer, 2 µl
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restriction enzyme 1, 2 µl restriction enzyme 2, 0.5 µl 100 X BSA and dH2O for a final
volume of 50 µl.
TA Cloning (Invitrogen)
In order to more easily clone Sp-git1 and GIT1 into various vectors, they were
first ligated into a TA vector (pCRII) )(Appendix 3).   Ligation reactions were
transformed into INVαF’ (Appendix 2) cells and plated onto LB-Amp plates containing
64 µg/ml of X-Gal and incubated at 37 °C overnight.  Blue/white screening was used to
identify potential transformants carrying the desired recombinant plasmid.    The correct
plasmid construct was then digested and Sp-git1 or GIT1 was subcloned into the
appropriate vectors.  This was accomplished by using the Dual Promoter TA Cloning
Kit purchased from Invitrogen and following the included protocol.
Minipreps
(Alkaline Lysis Method)
Sterile LB-Amp  (5 ml) was inoculated with a single bacterial colony and grown
at 37 °C overnight with moderate shaking.  The next day, 1.5 ml of culture was
centrifuged for 20 seconds.  The pellet was resuspended in 100 µl Solution 1 (50 mM
Glucose, 25 mM Tris-Cl, pH 8.0, 10 mM EDTA, pH 8.0) and allowed to sit for 5
minutes.  Next, 200 µl Solution 2 (0.2 N NaOH, 1% SDS), freshly prepared, was added
and the tube was placed on ice for 5 minutes.  While on ice, 150 µl Solution 3 (5 M
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Potassium Acetate, Glacial Acetic Acid, H2O) was added and the entire mixture was
vortexed for 2 seconds, followed by another incubation on ice for 5 minutes.  The tube
was centrifuged at 7000 x g at room temperature for 3 minutes and 0.4 ml of the
supernatant was transferred to a new tube.  Twice the volume of 95% ethanol was added,
the mixture was allowed to sit at room temperature for 2 minutes, and was centrifuged at
7000 x g at room temperature for 3 minutes.  The pellet was washed with 1.0 ml of 70%
ethanol, left to dry, and resuspended in 30 µl TE buffer (pH 7.4).  One microliter of 10
mg/ ml RNase was added to the suspended pellet [61].
(Eppendorf Perfectprep Plasmid Mini)
Those preparations not done following the alkaline lysis method were carried out
using the recommended procedure included with Eppendorf’s Perfectprep Plasmid Mini
Kit.
Maxi Prep
All large scale preparations of plasmid DNA was performed using the
recommended protocol included within Promega’s Wizard Plus Midiprep DNA
Purification System.
Fission Yeast Electroporation
S. pombe cells were grown to a density of 1 x 107 cells/ ml in minimal media
(Appendix 2), and were harvested by spinning at 1000 x g at 20 °C for 5 minutes.  The
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pellet was washed one time with sterile ice-cold H2O, and a second time with 1 M
sorbitol.  Finally, the cells were suspended in ice-cold 1 M sorbitol at a density of 1-5 x
109 cells/ ml.  The cell suspension (40 µl) was added to pre-chilled microfuge tubes,
which contained ~100 ng of DNA, and the tubes were incubated on ice for 5 minutes.
The electroporator was set at 1500 V with a field strength of 7.5 kV/cm.  The cells and
DNA were then transferred to pre-chilled 2 mm cuvettes, pulsed for ~5 ms and 0.9 ml of
ice-cold 1 M sorbitol was immediately added.  Pulsed cells were then plated onto I+Ura-
medium and incubated at 30 °C [62].
GPI Transport Assay
Cells were grown in the indicated media and harvested by centrifugation at 4000
x g at room temperature for 5 minutes.  The pellet was suspended in fresh medium or a
defined buffer to either 5 or 10 OD units and 200 µl of cells were placed in a 15 ml
falcon tube.  The reaction was started by adding  50 µl 25 µM 3H-GPI (unless otherwise
noted) and allowed to proceed at 30 °C for 5 minutes (unless otherwise noted).  The
reaction was stopped by the addition of 10 ml ice-cold H2O and subsequently placed on
ice until the reactions were filtered.  As a negative control, 10 ml of H2O was added to a
tube containing cells before the addition of the radiolabel.  The samples were filtered
through 25 mM glass fiber (GF/C) filters using a Hoefer/Amersham filter apparatus
attached to a vacuum pump.  The filters were washed with 15 ml ice-cold H2O and placed
into a scintillation vial.  Liquiscint scintillation fluid (10 ml) was added, the vials were
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shaken vigorously, and the samples were counted using a Tri-Carb 2100TR Liquid
Scintillation Analyzer (Figure 13).
Figure 13.  Schematic of GPI transport assay.  Cells were harvested and suspended to a
                  final A600=4 with a defined buffer.  Labeled substrate was added to the cells
                  and allowed to incubate for a specified amount of time.  Transport was
                  stopped with the addition of ice-cold H2O.  Cells were filtered using a vacuum
                  apparatus and placed into a scintillation vial.  The amount of label uptake was
                  then counted.
VACUUM
Harvested cells
grown
in specified media
Suspend cells to a
final A600=4
in defined buffer
Add 3H-GPI to
cells for a final
concentration of
5 µM
Stop reaction with
addition of 10 ml
ice-cold H2O
Filter cells through 25 mM
 glass fiber filters using 
vacuum pump Place filter in
scintillation vial with
scinitillation fluid
and count
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Sequencing
(Duquesne University)
The following reaction mix was used to prepare samples for sequencing:  3 µl Big
Dye (ABI), 3.2 pmoles of selected oligonucleotide, ~350 ng DNA template, and sterile
H2O to a final volume of 10 µl.  These reactions were placed in the Techgene
thermocycler set to the following: 96 °C for 30 seconds, 35 cycles of (92 °C for 5
seconds, 50 °C for 5 seconds, 60 °C for 2 minutes), and a hold step at 10 °C.  The
sequencing reactions then were cleaned before being placed in the ABI 310 Sequencer.
Spin columns were prepared by first by hydrating 1 g of Sephadex G-50 in 16 ml ddH2O
and rotating for 30 minutes.  Aliquots (800µl) of prepared Sephadex G-50 were placed
into the empty spin tubes and allowed to drain by centrifugation at 750 x g at room
temperature for 2 minutes.  Once the columns were prepared, 10 µl of the sequencing
reaction was added to the top of the Sephadex G-50 and again centrifuged at 750 x g at
room temperature for 2 minutes into a new sequencing centrifuge tube.  The Sephadex G-
50 was discarded and the tubes were placed in a speed-vacuum for 30 minutes until the
pellet was completely dry.  The pellet was then suspended in 20 µl DI formamyde and
vortexed briefly.  The tube was placed at 95 °C for 2 minutes and on ice for an additional
minute.  The tubes were vortexed a second time and capped before being placed on the
sequencer.
(University of Pittsburgh)
Sequencing was also performed at University of Pittsburgh’s Center for
Biotechnology and Bioengineering.  The following reaction mix was used to prepare
samples for sequencing:  300 ng template DNA, 3.4 pmole of primer and  sterile H2O to a
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final volume of 13 µl.  The samples were then sent to the University of Pittsburgh DNA
Sequencing Core Facility to be sequenced.
Site-Directed Mutagenesis
Site-directed mutagenesis was employed in order to repair mutations found within
Sp-git1 from the above sequencing reactions.  The GeneEditor in vitro Site-Directed
Mutagenesis System (Promega), the ExSite PCR-Based Site-Directed Mutagenesis Kit
and QuikChange XL Site-Directed Mutagenesis Kit (Stratagene) were used according
to the manufacturer’s protocol in order to repair the mutated stop codon in pCN102 along
with three nucleic acid changes.
MISCELLANEOUS
Checking Genotypes
Strains pulled from the –80 °C freezer were streaked onto YPD plates and placed
at 30 °C.  Single colonies from the YPD plates were spot streaked onto new YPD plates
and grown again at 30 °C.  These plates were replica plated onto the following media
(Appendix 2):
I+Ade- I+Leu-   I+Thr-
I+Arg-  I+Lys-  I+Trp-
I+His-  I+Met-   I+Ura-
Plates were placed at 30 °C and growth was compared to the reported genotype.
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Phenol Extraction and Ethanol Precipitation of DNA
An equal volume of a phenol/chloroform/isoamyl alcohol mixture was added to
the DNA solution to be purified.  Following 10 seconds of vortexing, the microfuge tube
was centrifuged at maximum speed at room temperature for 15 seconds.  The top
(aqueous) phase containing the DNA was carefully removed and transferred to a new
tube.  One-tenth the volume of 3 M NaAc (pH 5.2) was added to the DNA and the
mixture was vortexed.  Two volumes of ice-cold 100% ethanol was added, the tube was
vortexed and placed at –70 °C for 15 minutes.  The tube was centrifuged for 5 minutes at
maximum speed and the supernatant was removed.  Room temperature 70% ethanol (1
ml) was added to the pellet, the tube was inverted several times and centrifuged at
maximum speed at room temperature for 5 minutes.  The supernatant was removed, the
pellet was dried and then dissolved in TE buffer (pH 8.0) [61].
BLAST Searches
All BLAST searches were performed using either the blastp or PSI-BLAST
option located at the NCBI website.  All parameters were set to their default settings.
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RESULTS
Functional Complementation of an ino1∆git1∆ mutant
In order to determine if S. pombe contained a functional homolog of the S.
cerevisiae GIT1 gene, an ino1∆git1∆ deletion mutant (JP101) was transformed by either
electroporation or lithium acetate with an S. pombe cDNA library contained on the pFL61
plasmid (Figure 14) (Appendix 3).  The pFL61 vector was adapted from the previously
constructed pFL60 by placing a Not1 linker in place of the Cla1-BglII polylinker and a
new polylinker was placed in the Not1 site [63].
Figure 14.  Restriction map of expression vector, pFL61.  The S. pombe cDNA
                   library fragments were inserted using the BstXI sites.
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The library was first amplified in the E.coli strain, JVE030 and 21,094 colonies
were pooled.  This pool was the cDNA source for subsequent transformations.  The
pooled cDNA was transformed into the ino1∆git1∆ strain, JP101 (Figure 15).
Transformants were screened as described in the Materials and Methods for uracil
prototrophy and for the ability to use GPI as an inositol source.  Approximately 19,500
colonies were screened with two colonies appearing as ‘positives’.  Plasmid-loss
experiments were performed on these two colonies and both were determined to be false
‘positives’.  The probability of finding a functional GIT1 homolog depended on the
number of colonies screened and the fractional representation of the mRNA according to
the following equation:
N= ln (1-P)
      ln (1-f)   
where:  N= number of colonies screened (19,500)
             P= probability of finding the cDNA clone of interest
             f= fractional representation of the mRNA
Based on calculations determined in S. cerevisiae, the copy number for the GIT1
transcript was 0.3 mRNA copies/cell [64] and it is assumed that there are about 15,000
mRNA per cell [65, 66].  The fractional representation (f) of GIT1 mRNA is, therefore, 2
X 10-5.  Using this assumed value, the probability (P) of finding a GIT1 functional
homolog after screening 19,500 colonies was 32%.  Due to the high number of colonies
that would need to be screened in order to have a high probability of finding a functional
GIT1 homolog, a more direct approach was taken.     
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Figure 15.  Transformation procedure used in order to screen for plasmids that
                  would complement the ino1∆git1∆ mutant phenotype.  The mutant
                  was first transformed with an S. pombe cDNA library.  Transformants
                  were then replica plated onto the listed media.  Positive colonies were
                  tested through plasmid-loss experiments in order to identify false
                  positives.
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Sp-git1
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ura- plates containing
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Cloning Sp-git1 into the S. pombe expression vector, pREP4X
In order to construct pCN102 (Appendix 3), the primers S.P.GITL(XHOL) and
S.P.GITL(5211) were used to amplify a 1.7 kb fragment including the Sp-git1 gene from
S. pombe genomic DNA.  The restriction sites Xho1 and Sal1 were introduced onto the
ends of the amplified fragment (Figure 16A).
A.
B.
                                  
Figure 16.  (A).   Schematic of Sp-git1 amplification.  (B).  Amplified Sp-git1 1.7
                            kb fragment with included restriction sites Xho1 and Sal1.  PCR
                            reactions were run on a 1.0% agarose gel at  ~100 volts.
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The DNA was extracted from the gel (Figure 16B) and used in a ligation reaction
with the TA vector, pCRII (Figure 16A), using the Dual Promoter TA Cloning Kit from
Invitrogen.  Digestions with restriction enzymes Xho1 and Sal1 were carried out in order
to check the integrity of the resulting ligation reactions.
     
Figure 17.  Digestions of selected colonies from the TA vector ligation reaction.
                                Restriction enzymes used were Xho1 and Sal1.  Digestions were run
               on a 1.0% agarose gel at ~100 volts.
If the fragment containing restriction sites Xho1 and Sal1 was inserted into pCRII,
digestion with Xho1 and Sal1 should result in products of 4.0 kb and 1.7 kb.  As shown in
Figure 17, the expected results were achieved in colonies 3 and 4.  A midiprep was
performed on colony 4 and the resulting plasmid was named pCN101 (Appendix 3).
The next step in constructing pCN102 was to digest pCN101 and the S. pombe
expression vector, pREP4X (Appendix 3) (Figure 18A), with Xho1 and Sal1.  pREP4X is
maintained extrachromasomally at a high copy number.  It contains the regulated
promoter nmt (no message in thiamine) which permits thiamine-mediated control of
transcription to be applied to cloned genes [63].
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A.
B.
Figure 18.  (A). Schematic of S. pombe expression vector, pREP4X displaying
                          Xho1 and Sal1 cloning sites and pCN101.  (B). Selected
                          transformant was digested with either Xho1 (single) or digested
                          simultaneously with both Xho1 and Sal1 (double).  Reactions
                          were run on a 1.0%  agarose gel at  ~100 volts.
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      The digested products were ligated and transformed into JVE030 cells.
Transformants were digested with Xho1 and Sal1 in order to identify a correct ligation
product.  The expected result, when digested, was an 8.5 kb (pREP4X) and 1.7 kb
(Sp-git1) fragment.  As shown in Figure 18B, the expected result was obtained.  A
midiprep was performed on this transformant and it was named pCN102.  pCN102 and
“empty” vector, pREP4X, were transformed into the S. pombe strain, JPV 357 (Appendix
2).   These transformants were subsequently used in GPI transport assays.
Cloning Sp-git1 into the S. cerevisiae expression vector,  p424.
The second construct made was pCN107 (Appendix 3).  The primers SP-GIT1(3)
and SP-GIT1(4) were used to amplify the 1.7 kb fragment containing the Sp-git1 gene as
shown in Figure 17A, except restriction sites Sal1 and Xho1 were switched  (Figure 19).
Figure 19.  Amplified Sp-git1 1.7 kb fragment with included restriction sites Sal1
and Xho1.  PCR reactions were run on a 1.0% agarose gel at ~100
volts.
The DNA was extracted and ligated into pCRII.  The expected results of digestion
with Xho1 and Sal1 was a fragment of 4.0 kb (pCRII vector) and a fragment of 1.7 kb
51
(Sp-git1).  As shown in Figure 20, the expected results were achieved in all tested
colonies except the control colony in the last two lanes.
Figure 20.  Selected white colonies from the pCRII ligation reaction were
                  digested with Sal1 and Xho1.  The digestion reactions were run on a
                  1.0% agarose gel at ~100 volts.
One colony was selected for a midiprep and the plasmid was named pCN103
(Appendix 3).  Midipreps of pCN103 and p424 (Appendix 3), the S. cerevisiae
expression vector (Figure 21A), were both digested with Xho1 and Sal1 and run on an
agarose gel (Figure 21B).  p424, a high copy plasmid, was generated by inserting the
constitutively active promoter, glycerol-3-phosphate dehydrogenase (GPD), into a vector
based on the plasmid pRS416 [67].
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A.
B.
Figure 21.  (A).  Schematic of the S. cerevisiae expression plasmid, p424,
                                           displaying Xho1 and Sal1 cloning sites along with pCN103.
         (B).  pCN103  along with p424 were digested with restriction
              enzymes Xho1 and Sal1.  These reactions were run on 1.0%
                agarose gel at ~100 volts.
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The digested products were ligated and transformed into JVE030 cells.
Transformants were digested with Xho1 and Sal1.  The expected result, when digested,
was a 6.5 kb (p424 vector) and 1.7 kb (Sp-git1 from pCN103) fragment.  As seen in
Figure 22, expected results were obtained.  A midiprep was performed and the resulting
plasmid was the final product, pCN107.
Figure 22.  Selected transformant  was midiprepped and digested with
                  restriction enzymes Sal1 and Xho1.  The digestion was run on a 1.0%
                  agarose gel at ~100 volts.
Cloning GIT1 into the S. cerevisiae expression vector, p424.
In constructing pCN104 (Appendix 3), the GIT1 gene from S. cerevisiae was
already contained within a vector (pJP101) (Appendix 3) with the correct restriction sites,
BamH1 and Cla1, in the correct orientation needed to insert the gene into p424 (Figure
23A).  To construct pCN104, JP101 and p424 were digested with the restriction enzymes
BamH1 and Cla1 (Figure 23B).  The GIT1 fragment from pJP101 was ligated to p424.
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A.
B.
Figure 23.  (A).  Schematic of JP101 and p424.  (B).  JP101 and p424 were
                           digested with restriction enzymes BamH1 and Cla1.  Digestion
                           reactions were run on a 1.0% agarose gel at ~100 volts.
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The ligation reactions were transformed into JVE030 and transformants were digested
with BamH1 and Cla1 to guarantee the ligation reaction was successful.  A midiprep was
performed on a selected transformant and digested with BamH1 and Cla1 (Figure 24).
Figure 24.  The midiprep of pCN104 and the control vector p424 were digested
                  with restriction enzymes BamH1 and Cla1.  The digestion reactions
                  were run on a 1.0% agarose gel at ~100 volts.
The correct ligation, when digested with BamH1 and Cla1, would yield two
bands:  6.5 kb (p424 vector) and 2.0 kb (GIT1) (Figure 24).  The plasmid was named
pCN104.
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Cloning GIT1 into the S. pombe expression vector, pREP4X.
The final plasmid constructed was pCN106 (Appendix 3).  The primers GIT1-
CN1 and GIT1-CN2 were used to amplify the 1.6 kb GIT1 gene from the plasmid JP101
(Figure 25A).  The restriction sites Xho1 and Sal1 were introduced onto the ends of the
amplified fragment as was done in Figure 16 with the Sp-git1 gene.
A.
B.
            Figure 25.  (A).  Amplified GIT1 coding region from plasmid JP101 with
                                       included restriction sites Xho1 and Sal1.  (B).  PCR reaction was
                                       run on a 1.0% agarose gel at ~100 volts.
~ 1.6 kb
~1.6 kb
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The DNA was extracted from the gel (Figure 25B) and cloned into pCRII.
Digestions with Xho1 and Sal1 were performed in order to identify the correct ligation
(Figure 26).
                             
Figure 26.  Digestion of minipreps of the ligation reaction between GIT1 and
                   pCRII.  Digestion reactions were run on a 1.0% agarose gel at ~100
                   volts.
The expected result from the digestion was a fragment of 4.0 kb (pCRII vector)
and a fragment of 1.6 kb (GIT1 gene).  As seen in Figure 26, the expected results were
achieved in one colony and it was selected for a midiprep.  This midiprep was again
digested with Xho1 and Sal1 to insure the correct digestion pattern was preserved and
was named pCN105 (Appendix 3) (Figure 27).
Figure 27.  Midiprep digestion of selected pCN105 miniprep.  Digestions were
                  run on a 1.0%n agarose gel at ~100 volts.
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The 1.6 kb fragment was extracted from the gel and ligated to pREP4X (Figure
28A).    These reactions were transformed into JVE030 and transformants were digested
with Xho1 and Sal1. Only one transformant vaguely resembled the correct ligation
product so a second digestion was performed with HindIII to confirm that the ligation
was correct.  The expected results were three fragments: 7.0 kb, 1.9 kb, and 1.1 kb.  As
shown in Figure 28B, the midiprep was correct and the plasmid was named pCN106.
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B.
Figure 28.  (A).  Schematic of pREP4X and pCN105.  (B).  pCN106 was digested
                           with the restriction enzyme HindIII.  The digestion reaction was
                           run on a 1.0% agarose gel at ~100 volts.
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GPI Transport Activity in S. pombe
Transport in the S. pombe wild-type strain, JPV 357, was tested under many
different conditions (Table 3).
Table 3.  GPI transport was examined under various conditions in the S. pombe
               strain JPV 357 (wt).  Low Inositol (5 µM); High Inositol (55.5 µM);
          Low Phosphate (3 mM); High Phosphate (15.5 mM)
The conditions tested were chosen based on results with S. cerevisiae.  Transport
is maximum in cells grown in low inositol/low phosphate conditions.  As seen in Table 3,
there are instances where transport does seem to occur.  However, it is not comparable to
the amount of transport seen in S. cerevisiae (Table 4).
Table 4.  Comparison of representative CPMA values between S. pombe and S.
                cerevisiae in the indicated media.
Sample (pH 6.0) Media Used Length of Assay CPMA
Sz. pombe High Inositol/High Phosphate 5 Minutes 0
Sz. pombe Low Inositol/ Low Phosphate 5 Minutes 15.83
Sz. pombe Low Inositol/ Low Phosphate Overnight 83
Sz. pombe Low Inositol/ Low Phosphate Two Days 191.54
S. cerevisiae Low Inositol/ Low Phosphate 5 Minutes 1778.15
Media Used Assay Conditions Length of Assay Transport?
5 minutes
60 minutes
5 minutes
15 minutes
overnight
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30 minutes
60 minutes
120 minutes
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Once Sp-git1 and GIT1 were each cloned into both the S. cerevisiae vector, p424,
and S. pombe vector, pREP4X, over expression assays were conducted.  pCN102 and
empty pREP4X were separately transformed into the S. pombe strain, JPV 357.  At final
concentrations of 5 µM and below, there was no detectable difference in GPI transport
between the overexpressing pCN102, which contained the extra copy of the Sp-git1 and
pREP4X (Figure 29).
Figure 29.   GPI transport was measured using JPV 357 cells (grown in minimal
                    media with 5 µM inositol) overexpressing Sp-git1 (insert) from
                    pCN102 and cells containing the empty vector, pREP4X (empty).
                   Transport assays were performed in 0.1 M MES buffer (pH 5.9) with
                    a final concentration of  2 µM glycerophospho [H3]-inositol.
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The fact that pCN102 did not increase transport activity caused many questions to
be raised, one dealing with the integrity of the inserted sequence.  In order to check this,
sequencing was performed using the ABI 310 Sequencer.  According to Figure 30, the
stop codon of Sp-git1 was mutated.  The original stop codon was TTA, but the cloned
Sp-git1 had a codon of AGT in its place, which codes for a serine.
Figure 30.   Sequence data of the end of the Sp-git1 gene.  Data is running in the
                   5’ to 3 direction on the bottom strand.  The TTA stop codon was
                   mutated to AGT (serine).
The Gene Editor in vitro Site-Directed Mutagenesis System (Promega) was
used to manually repair the stop codon to its original sequence.  This was unsuccessful.
The ExSite PCR-Based Site-Directed Mutagenesis Kit (Stratagene) was then utilized to
repair the stop codon and again was not a success.  The decision was made to reclone Sp-
git1 from genomic DNA and insert it into pREP4X again.
T T A
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In order to reclone Sp-git1 into pREP4X, the primers Sp-git1(Xho1) and Sp-
git1(Sal1) from Integrated DNA Technologies were used to amplify the 1.7 kb fragment
containing the Sp-git1 gene from freshly prepared S. pombe genomic DNA (Figure 31).
The restriction sites Xho1 and sal1 were introduced onto the ends.
Figure 31.  Second amplified Sp-git1 1.7 kb fragment with included restriction
                  sites Xho1 and Sal1.  PCR reactions were run on a 1.0% agarose gel at
                  ~100 volts.
The DNA was extracted from the gel and used in a ligation reaction with pCRII as
done before.  Digestions with restriction enzymes Xho1 and Sal1 were done to insure
integrity of resulting ligation reactions.
Figure 32.  Digestion of selected transformant from the TA vector ligation
                   reaction.  Restriction enzymes used were Xho1 and Sal1.  Digestions
                   were run on a 1.0% agarose gel at ~100 volts.
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If the ligation reaction was correct, digestion of the vector should yield fragments
of size 4.0 kb (pCRII) and 1.7 kb (Sp-git1).  The correct fragments were seen (Figure 32)
and the resulting plasmid was named pCN108 (Appendix 3).
The next step in recloning Sp-git1 into pREP4X was to digest pCN108 and
pREP4X with Xho1 and Sal1.  The Sp-git1 fragment from the digested pCN108 was
extracted from the agarose gel and ligation reactions were set up.  These reactions were
transformed into JVE030 cells and transformants were checked through digestion with
Xho1 and Sal1.  Clear results were not obtained through that digestion, therefore, the
transformants were digested again with BamH1 and HindIII (Figure 33).
Figure 33.  pCN109 was digested with the restriction enzyme BamHI (B) or
                  HindIII (H).  The digestion reactions along with the uncut controls (U)
                  were run on a 1.0% agarose gel at ~100 volts.
If pCN109 (Appendix 3) was the correct construct, the expected results from the
BamHI digestion were two fragments of size 9.6 kb and 0.8 kb.  The expected results
from the HindIII digestion were four fragments of size 4.5 kb, 1.9 kb, 1.7 kb and 1.1 kb
and the correct results were obtained.  Therefore, this construct was sent for sequencing.
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The sequencing results showed that the stop codon was correct in this construct,
however, there were three nucleic acid changes that caused three amino acid changes.
Two of these amino acid changes were strongly conserved while the last change was not.
Transport assays were performed with this construct with the three mutations. A pilot
study in which S. pombe genes were systematically deleted produced a Sp-git1∆ mutant
(JPV 365).  This was obtained by Dr. Paul Nurse of the Cancer Research UK.  JPV 357
(wt) and JPV 365 (Sp-git1∆ mutant) were transformed with pCN109 and pREP4X.
These transformants were grown in minimal media and subsequently inoculated into
cultures containing 5 µM inositol, no inositol source, or 5 µM GPI and 0.1 mM
phosphate.  Assays were performed in the presence of 0.1 M citrate buffer (pH 3.5) for
either 10 or 30 minutes.  There was no difference between the blank (control for no
transport),  the transformant with the extra Sp-git1 gene (pCN109) and the transformant
with empty vector (pREP4X) in any of the three conditions. In fact, in all conditions
tested there has not been a difference between the wild-type with pCN109, wild-type with
pREP4X, Sp-git1∆ mutant with pCN109 and Sp-git1∆ mutant with pREP4X.
The Saccharomyces Genome Database has listed two other homologs to GIT1
found in S. pombe, which have not been included in NCBI’s BLAST search results.
These sequences have high homology to S. cerevisiae’s GIT1 gene (Table 5).
Table 5.  E values listed for GIT1 homologs found on Saccharomyces Genome Database.
Sz. pombe Homolog E value
Sp-git1 1.0 e-67
Inositol transporter 2.9 e-64
Phosphate transporter 4.0 e-64
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   This led to the question as to whether  Sp-git1  may in fact transport free inositol or
phosphate.  Transport experiments with inositol were conducted in the same manner as
with GPI (Figure 34).
Figure 34.  Inositol transport was measured using JPV 357 (wt) and JPV 365 (Sp-
                              git1∆) cells with either pCN109 (Insert) or pREP4X (Empty).  Cells
             were either pre-grown in media lacking inositol or containing 5 µM
      inositol.  Transport assays were performed in duplicate in 0.1 M
      Citrate buffer (pH 3.5) and in 0.1 M Tris-Cl buffer (pH 7.4) with a
      final concentration of 5 µM [3H] Inositol for 5 minutes.
JPV357 (wt) cells did not transport inositol to any significant extent whether it
contained an empty vector or pCN109 (Figure 34).  The growth conditions as well as the
pH of the assay medium did not affect the amount of transport.  JPV 365 (git1∆),
however, showed transport of inositol with pCN109.  Again, pH did not seem to affect
the amount of transport to a significant extent, but the growth conditions did have an
effect.  Cells pregrown with inositol transported the radiolabeled inositol at eight times
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more than cells pregrown with no inositol source.  This experiment was performed with
only one transformant.  Therefore, to make sure the results were correct, the experiment
was repeated using an additional two transformants.  Again, the Sp-git1∆ mutant with
pCN109 grown in inositol showed the greatest amount of transport of inositol in all
transformants tested.
While pCN109 was being tested in the S. pombe wild-type and Sp-git1∆ mutant
strain, pCN107 (Sp-git1 inserted into the S. cerevisiae vector, p424) was transformed into
the S. cerevisiae ino1∆git1∆ mutant strain (JPV 101).  Sp-git1 contains an intron at the 3'
end of the gene.  The S. cerevisiae genome does not contain many introns and therefore,
having an intron may present a problem.  While attempts to excise the intron out of the
gene with multiple site-directed mutagenesis kits was ongoing, a transport assay was
performed.  There was no detectable difference in transport activity between cells with
pCN107 in comparison to cells with empty p424.  The intron was successfully deleted
and the resulting plasmid was named pCN110 (Appendix 3).  This plasmid was
transformed into JPV101 along with p424.  Transport assays with GPI were performed
(Figure 35A) and again, there was no detectable difference in the amount of transport
between cells carrying pCN110 and cells carrying p424 alone.   These same cells were
assayed with labeled inositol (Figure 35B).  In the insert 2 transformant, transport of
inositol is six times as much as in any other transformant regardless of whether it is
carrying an empty vector (p424) or with insert (pCN110).
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Figure 35.  The S. cerevisiae ino1∆git1∆ mutant was transformed with either
                pCN110 (Insert) or p424 (Empty).  Three transformants of each
       transformation were tested.  The cells were incubated in 0.1 M Citrate
       buffer (pH 3.5)  with a final concentration of 5 µM glycerophospho-
       [H3]-inositol (A) or 5 µM [3H]-inositol (B).  Assays were performed
       for 5 minutes in duplicate.
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Biochemical Characterization of Git1p
A second goal of my research was to more fully characterize the transport activity
of S. cerevisiae's Git1p.  GPI transport through Git1p was monitored as a function of pH.
 Figure 36.  S. cerevisiae cells (JP92) were used to determine the pH optimum of
GPI uptake.  The cells were incubated in 0.1 M Citrate buffer or 0.1 M
KH Phthalate buffer at various pHs.  Assays were performed using a
final concentration of 5 µM glycerophospho [H3]-inositol.  Reactions
were run for 5 minutes in duplicate.
Transport was shown to be more rapid at more acidic pHs (Figure 36) regardless
of the type of buffer system used.  Transport activity in sodium citrate buffer, at any pH,
was three times more than in KH Phthalate buffer.  It turns out that in the presence of
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extracellular potassium, the membrane potential is strongly reduced, reducing the energy
provided for transport and in turn reducing the amount of transport [68].
At neutral pH and above, GPI transport severely declines (Figure 37).
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Figure 37.  S. cerevisiae cells (JP92) were used to determine the pH optimum of
                              GPI transport.  The cells were incubated in 0.1 M MES buffer,  0.1 M
                              PIPES buffer or 0.1 M Tris-Cl buffer at various pHs.  Assays were
                              performed using a final concentration of 5 µM glycerophospho [H3]-
                              inositol.  Reactions were performed for 5 minutes in duplicate.
Knowing that transport is increased in more acidic pHs and that many transport systems
work as symporters, it was postulated that Git1p may be a proton-GPI symporter.  In
order to test this, carbonylcyanide m-chlorophenylhydrazone (CCCP), which is a
protonophore, was added to the GPI transport assay (Figure 38). GPI transport was
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completely abolished with the addition of CCCP at all pHs tested.  This provides further
evidence for the proton symporter hypothesis.
Figure 38.  S. cerevisiae cells (JP92) were used to determine the effect of the
      protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP) on
      GPI transport.  CCCP was added to standard assay reaction for a final
      concentration of 50 uM. The cells were incubated in 0.1M KH
      Phthalate buffer (pH 4.0).  GPI transport was determined with a final
      concentration of 5 µM glycerophospho [H3]-inositol.  Reactions were
      run for 5 minutes in triplicate.
The specificity of Git1p was tested through the addition of other compounds to
the transport assay.  Activity was examined in the presence of these compounds in order
to determine if inhibition occurred.  Transport assays were performed using a final
concentration of 5 µM glycerophospho [3H] inositol and 1 mM (40-fold excess) of each
nonradiolabeled compound (Table 6).
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Addition           Activity (%)
None       100
Dihydroxyacetone Phosphate 103.8 ± 9.4
3-Phosphoglyceric Acid   80.8 ± 9.7
α-Ketoglutaric Acid   80.4 ± 1.8
Phosphoenol Pyruvate   76.0 ± 1.5
Pyridoxal 5-Phosphate   72.9 ± 1.4
GPI     1.6 ± 1.5
Table 6.  GPI transport activity was assayed in wild-type S. cerevisiae cells (JP92) in the
    presence of a final concentration of 5µM glycerophospho [3H]inositol and 1mM
               of unlabeled indicated compounds.  Reactions were run for 5 minutes in
               triplicate in KH Phthalate buffer (pH 4.0).
As shown in Table 6, only GPI significantly inhibited transport, as expected.
Pyridoxal-5-phosphate, phosphoenol pyruvate, α-ketoglutaric acid, and 3-
phosphoglyceric acid caused a moderate decrease in activity.  Dihydroxyacetone
phosphate had no effect.
Since KH Phthalate buffer was not as effective as buffers in sodium citrate, the
specificity of Git1p was examined in sodium citrate buffer at pH 4.0 (Table 7).
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Addition               Activity (%)
None       100
Phosphoenol pyruvate 202.8 ± 12.8
3-Phosphoglyceric acid 191.4 ±  8.3
Dihydroxyacetone phosphate 189.5 ±  23.3
Sodium phosphate 180.4 ± 15.9
α-Ketoglutaric acid 167.4 ±  6.4
Phytic acid 163.0 ±  3.3
Glucose 156.3 ± 15.3
Sodium sulfate 151.3 ± 13.9
m-inositol-1,2-cyclic monophosphate* 145.5 ±  6.2
Pyridoxal-5-phosphate 138.0 ±  6.3
Glycerol-3-phosphate    39.1±  0.7
GPI    15.3 ± 4.2
*Present at a final concentration of 0.293 mM.
Table 7.  GPI transport activity was assayed in wild-type S. cerevisiae cells (JP92) in the
        presence of 25µM glycerophospho [3H]inositol and 1mM of unlabeled indicated
compounds.  Reactions were run for 5 minute in triplicate in Citrate buffer (pH
               4.0).
Comparing the same compounds in Table 6 and Table 7, there is an increase in
the amount of transport activity of GPI.   All compounds tested from Table 6 dramatically
increased percent activity, including GPI, in Table 7.  The chemical structures (Figure 39)
do not offer a clear structural reason why glycerol-3-phosphate (G3P) acts as an inhibitor
or for the increase in activity by the other compounds.  It may be hypothesized that since
Git1p requires energy for transport of GPI to occur, the addition of such high energy
molecules such as phosphoenol pyruvate and glucose may enhance transport activity.
The inhibition displayed through the addition of G3P led to the question as to
whether this compound was directly being transported by Git1p or was it in fact only
prohibiting the transport of GPI.  Radiolabeled  G3P was purchased and transport assays
were performed in the same manner as with GPI.
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Figure 39.  Structures of nonradiolabeled compounds.
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Figure 40.  S. cerevisiae cells (JP92) were used to compare GPI transport to G3P
      transport.  The cells were incubated in 0.1M Citrate buffer (pH 4.0).
      GPI and G3P transport was determined using both a final
      concentration of 5 µM and 0.4 µM of each radiolabel.   Reactions were
      run for 5 minutes in triplicate.
G3P is transported at extremely low levels, if at all, as compared to GPI (Figure
40).  In order to obtain a clearer picture of whether transport is occurring, the same assay
was performed using wild-type cells versus git1∆ mutant cells (Figure 41).  There is
decreased transport in the mutant cells as compared to the wild-type cells.  Transport
steadily increases in the wild-type up until 60 minutes after which there seems to be an
efflux of the label.  There also seems to be a slower, but steady increase in transport
activity seen in the mutant cells.
5 uM *GPI 0.4 uM *GPI 5 uM *G3P 0.4 uM *G3P
0
50
100
Radiolabel
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Figure 41.  Wild-type S. cerevisiae cells (JPV92) and git1∆ mutant cells (JPV202)
                   were assayed in 0.1M Citrate buffer (pH 4.0) in the presence of a final
                   concentration of 5 µM  [H3]-glycerol-3-phosphate.  Reactions were
                   run for the indicated times in duplicate.
G-3-P Transport (25uM *G-3-P)
5.0 15.0 30.0 60.0 120.0
0.0
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10.0 JPV 92 (wt)
JPV 202 (git1∆)
Assay Length (min)
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DISCUSSION
The GIT1 gene, which encodes a membrane permease involved in phospholipid
metabolism, is found in the model eukaryote, S. cerevisiae.  It transports the metabolite,
GPI, in an energy-requiring process regulated by both inositol and phosphate availability.
GIT1 shows significant homology with genes from many other organisms and is
especially conserved among the fungal world.  This high homology extends to the yeast,
S. pombe, which is thought to have diverged from S. cerevisiae around 420 million years
ago.  S. pombe is an inositol auxotroph, making it an interesting organism to study
inositol regulated processes, such as the transport of GPI.
Functional complementation of an ino1∆git1∆ mutant
An S. pombe cDNA library was used to try and identify sequences capable of
complementing an S. cerevisiae ino1∆git1∆ mutant.  After screening over 19,000
colonies and not finding a positive complementing plasmid, this experimental approach
was abandoned and a more direct approach was taken.  The inability to find a
complementing plasmid does not necessarily mean that there is not a functional GIT1
homolog in S. pombe.  It is possible that the cDNA of interest was not expressed in the
original amplified library since the conditions in which the cDNA library was made is not
known.  It is also possible that not enough colonies were screened in order to find a
positive sequence.
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Cloning Sp-git1 and GIT1 into both pREP4X and p424
A gene in S. pombe (Sp-git1) with high homology to S. cerevisiae's GIT1 gene was
identified through a BLAST search.  Sp-git1 was successfully amplified through PCR
from S. pombe genomic DNA.  Four plasmids were constructed:  Sp-git1 inserted into the
S. pombe expression vector, pREP4X (pCN109); Sp-git1 inserted into the S. cerevisiae
expression vector, p424 (pCN107); GIT1 inserted into pREP4X (pCN106); GIT1 inserted
into p424 (pCN104).  These are all high copy number plasmids used to overexpress their
inserted gene in the appropriate organism.
GPI Transport Activity in S. pombe
Transport of GPI was examined both in a wild-type (JPV 357) and Sp-git1∆
mutant (JPV 365) strain of S. pombe.  The conditions chosen were those known to induce
transport of GPI in S. cerevisiae.  More total glycerophospho [3H]inositol is accumulated
when cells are grown in low phosphate media as opposed to high phosphate media, and
that accumulation is increased further by inositol limitation [39].  Small amounts of GPI
transport were observed in S. pombe under these conditions, they were not comparable to
the amounts seen in S. cerevisiae.  In order to increase the amount of transport to levels
that could be detected, the overexpressing plasmid, pCN109, was used in both strains.
Again, there was not a substantial increase in the amount of GPI transport and, more
importantly, no difference between the mutant and wild-type strain.
There are several possible explanations to for the lack of significant GPI transport
in S. pombe.  First, the Sp-git1 fragment from pCN109 contains three amino acid
changes.  While two of the changes are conserved, the last is not and may be part of the
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active site of the Sp-git1p.  It is thus possible that the mutation abolishes transport.
Another possibility is that the conditions that promote transport in S. cerevisiae may be
completely different in S. pombe and the optimum conditions for S. pombe have not been
discovered.  Also, while overexpressing the Sp-git1 gene provides the cells with many
copies of that gene, other factors, not overexpressed, may be required for transport of GPI
to occur and until those factors are discovered it makes it a difficult task to observe
transport.  A structural reason that Sp-git1p may not transport GPI is it may be located on
a membrane other than the plasma membrane and, therefore, would not transport GPI
provided extracellularly.  The last hypothesis to explain the lack of GPI transport in S.
pombe, is that Sp-git1 may not encode a GPI transporter as previously thought.
Through a database search, two recently added genes were identified in S. pombe
that have a significant amount of homology to GIT1.  One gene is annotated as a
phosphate transporter and the second gene an inositol transporter.  [3H]-Inositol was used
to examine transport of inositol in the wild-type and Sp-git1∆ mutant strains with either
pCN109 or pREP4X.  Mutant cells transformed with pCN109 showed approximately
eight times more transport of inositol as compared to wild-type cells.  The fact that more
transport activity is achieved with inositol compared with GPI lends credit to the notion
that Sp-git1 may have a higher affinity for inositol rather than GPI.  This does not say that
Sp-git1 is an inositol transporter per se, but that it is capable to some degree of inositol
transport.    At this time, it is not known why more transport is obtained in mutant cells
compared to wild-type.  The wild-type strain used may not be the isogenic sibling and
therefore, may respond differently to the same conditions than the mutant strain.  Another
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theory is a deletion of the genomic copy of Sp-git1 may be needed in order to activate
components needed to import inositol.
GPI Transport in an S. cerevisiae ino1∆git1∆ mutant complemented with Sp-git1
Sp-git1 was inserted into the S. cerevisiae expression vector, p424 and this
construct was named pCN107.    This construct was transformed into JPV101 (S.
cerevisiae ino1∆git1∆ mutant) and GPI transport assays were performed.  As, with
pC109, no detectable transport activity was seen.  Sp-git1 contains an intron in the 3' end
of the gene, which may have presented a problem when transformed into S. cerevisiae.
After removing the intron, the plasmid, renamed pCN110, was transformed again into
JPV101 and transport of GPI was examined.  Under low inositol and low phosphate
conditions comparisons of GPI transport activity in cells transformed with pCN110 and
cells transformed with p424 alone did not yield a significant difference.  Therefore, Sp-
git1 does not encode a product that can functionally complement an S. cerevisiae
ino1∆git1∆ mutant for GPI transport under the conditions tested.  Again, this may be due
to not finding the correct conditions for maximum transport of the S. pombe gene
product.  A second possibility is that the Sp-git1 fragment in pCN110 has two amino acid
changes.  One change is conserved while the other is not.  As in pCN109, these different
amino acids may be located in a critical region for activity of the transporter.  The last
two hypotheses set forth for pCN109 also apply here.  The Sp-git1 product may not
localize to the plasma membrane or it may not be a GPI transport protein.  Transport
assays were performed with labeled inositol in order to see if inositol could be
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transported by Sp-git1p.  One transformant carrying pCN110 transported six times more
inositol compared with all other transformants tested.  This result was duplicated in two
additional transformants suggesting that Sp-git1p has an affinity for inositol.  More
transformants need to be analyzed.
Biochemical characterization of Git1p
Further characterization of GPI transport through Git1p of S. cerevisiae has led to
a better understanding of its biochemical properties.  Transport of GPI is an energy-
requiring process.  It was hypothesized that Git1p received this energy by acting as a
proton symporter.  Transport was examined under a broad pH range in order to test this
hypothesis.  It was found that maximum transport occurred at more acidic pHs and
declined drastically at and beyond neutral pH.  Also, an excess concentration of
potassium ions from the KH Phthalate buffer caused a reduction in the membrane
potential.  Reducing the membrane potential reduces the driving force of the proton
gradient and thus reduces the amount of energy available for transport.  Addition of a
protonophore (CCCP), which disrupts the action of an established proton gradient, to the
transport assay completely eliminated transport activity.  While all of these results do not
prove beyond a doubt that Git1p is a proton symporter, they are good evidence this is in
fact the case.
The affinity of other compounds for Git1p was examined by performing GPI
transport assays with the addition of unlabeled compounds (Figure 38) at a concentration
of 40 times that of radiolabeled GPI.   Out of all compounds tested, only glycerol-3-
phosphate caused a marked decreased in GPI transport.  It has been noted that glycerol-3-
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phosphate is a negatively charged glycerophosphate ester, like GPI [37].  In order to
determine whether Git1p actively transports glycerol-3-phosphate, transport assays were
performed with [3H]-glycerol-3-phosphate.  Studies confirmed that Git1p is transporting
G3P, although at a much lower velocity than GPI.  Letting the transport assay proceed for
longer periods of time displays a slower, but steady increase in G3P uptake in both wild-
type and git1∆ mutant S. cerevisiae cells. It is interesting to note that there is a reduction
in transport activity with the mutant at all time points, but transport still occurs.  This
suggests G3P may be using another transporter system.  A G3P permease has not been
characterized in yeast, however, one has been identified in Escherichia coli and there is
evidence for a homolog in humans [69].  Therefore, it is quite probable that G3P uptake
is accomplished through a transporter other than Git1p in yeast.
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                                               APPENDIX 1
MEDIA
LB (Luria-Bertani) Media (per liter)
1.0% tryptone
0.5% yeast extract
1.0% NaCl
LB-Ampicillin / LB-Kanamycin
Used the recipe for LB with the addition of:
50 µg/ml ampicillin
30 µg/ml kanamycin
YPD (per liter)
1.0% yeast extract
2.0% peptone
2..0% dextrose
S. cerevisiae I+ Media (per liter)
20 g glucose
1.7 g YNB Salts (Vogt Laboratory Synthetic Mix)
1.0 ml of 2.0 mg/ml trace components
5.0 g ammonium sulfate
10 ml inositol-free vitamin stock solution (100X)
7.5 ml inositol (10 mM) stock solution
20 ml complete amino acid solution (50X)
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S. cerevisiae I+ Amino Acid Dropout Media
Follow I+ Media recipe EXCEPT add 100 ml of S. cerevisiae 10X amino acid dropout
solution in place of 20 ml complete amino acid solution.
S. cerevisiae I- Media
Follow I+ Media recipe EXCEPT do not add 7.5 ml inositol stock solution.
S. cerevisiae YNB Salts (Vogt Laboratory Synthetic Mix)
100 g potassium phosphate (anhydrous)
50 g magnesium sulfate (anhydrous)
10 g sodium chloride
13.2 g calcium chloride
S. cerevisiae Trace Components (1000X)
5.0 g boric acid
0.4 g cupric sulfate
1.0 g potassium iodide
2.0 g ferric chloride
4.0 g manganese sulfate
2.0 g sodium molybdate
4.0 g zinc sulfate
These components should be mixed with a mortar and pestle.  Dissolve 2 mg/ml in
dH2O and store at 4 °C.
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S. cerevisiae Inositol-free Vitamin Stock Solution (100X)
0.02 g D-biotin
4.0 g calcium panthotenate
0.02 g folic acid
4.0 g niacin
2.0 g p-aminobenzoic acid (PABA)
4.0 g pyridoxine hydrochloride
2.0 g riboflavin
4.0g thiamine HCl
These components should be mixed well with a mortar and pestle until homogenous.
Suspend 0.1 g of powder in 500 ml dH2O.   Filter sterilize, cover with aluminum foil
and store at 4 °C.
S. cerevisiae Complete Amino Acid Solution (50X)
Add the following compounds to 1 liter dH2O
1.0 g  adenine sulfate
1.0 g  L-arginine HCl
1.0 g  L-histidine HCl
3.0 g  L-leucine
1.5 g L-lysine HCl
1.0 g L-methionine
15.0 g L-threonine
1.0 g L-tryptophan
1.0 g uracil
       Filter sterilize, cover with aluminum foil and store at room temperature.
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S. cerevisiae Amino Acid Dropout Solution (10mM)
Add the following components to 340 ml dH2O
20 ml (5 mg/ml) L-adenine
5 ml (20 mg/ml) L-arginine
5 ml (20 mg/ml) L-histidine
30 ml (10 mg/ml) L-leucine
10 ml (15 mg/ml) L-lysine
5 ml (20 mg/ml) L-methionine
25 ml (60 mg/ml) L-threonine
10 ml (10 mg/ml) L-tryptophan
50 ml (2 mg/ml) uracil
In place of the “dropped out” supplement, add the same amount of dH2O.
Filter sterilize, cover with aluminum foil and place at room temperature
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S. pombe Minimal Media (per liter)
3.0 g KH phthalate
2.2 g Na2HPO4
5.0 g NH4Cl
20.0 g Glucose
20 ml salts stock (50X)
0.1 ml minerals stock (10,000X)
1.0 ml vitamins stock (1000X)
S. pombe Salts Stock (50X) (per liter)
53.3 g MgCl2 • 6H2O
0.735 g CaCl2 • 2H2O
50 g KCl
2.0 g Na2SO4
S. pombe Minerals Stock (10,000X) (per 100 ml)
0.5 g H3BO3
0.4 g MnSO4
0.4 g ZnSO4 • 7H2O
0.2 g FeCl3 • 6H2O
0.16 g MoO4 •2H2O
0.1 g KI
0.04 g CuSO4 • 5H2O
1.0 g citric acid
S. pombe Vitamins Stock (1000X) (per 100 ml)
1.0 g nicotinic acid
1.0 g inositol
1.0 mg biotin
100 mg pantothenic acid
S. pombe Minimal Media was supplemented
with 225 mg/liter of the amino acids leucine
and adenine.
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APPENDIX 2
STRAINS USED
Bacterial Strains Genotype
JVE030  Tetr ∆(mcrA)183∆(mcrCB-hsdSMR-mrr)173 endA1 supE44 thi
-1 recA1 gyrA96 relA1 lac The [F’proAB lacIqZ ∆M15 Tn10( Tetr)
Amy Camr]
INVαF’  F’ endA1 recA1 hsdR17 (rk-,mk+) supE44 thi-1 gyrA96 relA1
φ80lacZ∆ (lacZYA-argF)U169λ-
S. cerevisiae Strains Genotype
JPV092 MATa  trp1 ura3 leu2 his3
JPV096 MATa  ino1::HIS  trp1 ura3 his3
JPV101 MATα  ino1::HIS  git1::HIS  trp1 ura3 his3
S. pombe Strains
PG9 h90 3M::ura4 leu1-32 ura4-D18 ade6-216
JPV 357  h- ade6-M210 leu1-32 ura4-D18
JPV 365 h? leu1-32 ura4-D18 ade6-M?  ∆SPBC1271.09::kanR
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APPENDIX 3
VECTORS USED
PLASMID USE OBTAINED FROM:
pFL61 Harbors S. pombe cDNA library Dr. Minet (Center of Molecular Genetics)
pREP4X
S. pombe expression vector used in
cloning
ATCC
pCRII TA Cloning Vector Invitrogen
pCN100 Cloning vector Generated by inserting Sp-git1into pCRII
pCN101 Cloning vector Generated by inserting Sp-git1into pCRII
pCN102 Cloning vector
Generated by inserting Sp-git1 in pREPX with
restriction sites Xho1 and Sal1
p424 GPD
S. cerevisiae expression vector used in
cloning
ATCC
JP101
Source of BamH1and Cla1restriction
fragment containing the GIT1 gene
Dr. Patton-Vogt Lab
pCN103 Cloning vector Generated by inserting Sp-git1into pCRII
pCN104 Cloning vector
Generated by inserting GIT1from JP101 into p424
GPD with restriction sites BamH1 and Cla1
pCN105 Cloning vector Generated by inserting GIT1into pCRII
pCN106 Cloning vector
Generated by insertingGIT1 from pCN105 into
pREP4X with restriction sites Xho1 and Sal1
pCN107 Cloning vector
Generated by inserting Sp-git1from pCN103 into
p424 GPD with restriction sites Sal1 and Xho1
pCN108 Cloning vector Generated by inserting Sp-git1into pCRII
pCN109 Cloning vector pCN102 with corrected stop codon
PCN110 Cloning vector pCN107 without intron
90
REFERENCES
1. Botstein, D., S.A. Chervitz, and J.M. Cherry, Yeast as a model organism. Science,
1997. 277(5330): p. 1259-60.
2. Forsburg, S.L., The art and design of genetic screens: yeast. Nat Rev Genet,
2001. 2(9): p. 659-68.
3. Watson, J.D., Hopkins, N. H., Roberts, J.W., Steitz, J.A., Weiner, A.M.,
Molecular Biology of the Gene. Fourth ed. Vol. 1, Menlo Park: The
Benjamin/Cummings Publishing Company, Inc.
4. Goffeau, A., et al., Life with 6000 genes. Science, 1996. 274(5287): p. 546, 563-7.
5. Mewes, H.W., et al., Overview of the yeast genome. Nature, 1997. 387(6632
Suppl): p. 7-65.
6. Bassett, D.E., Jr., et al., Genome cross-referencing and XREFdb: implications for
the identification and analysis of genes mutated in human disease. Nat Genet,
1997. 15(4): p. 339-44.
7. Winzeler, E.A., et al., Functional characterization of the S. cerevisiae genome by
gene deletion and parallel analysis. Science, 1999. 285(5429): p. 901-6.
8. Sipiczki, M., Where does fission yeast sit on the tree of life? Genome Biol, 2000.
1(2): p. REVIEWS1011.
9. Cliften, P., et al., Finding functional features in Saccharomyces genomes by
phylogenetic footprinting. Science, 2003. 301(5629): p. 71-6.
10. Henry, S.A. and J.L. Patton-Vogt, Genetic regulation of phospholipid
metabolism: yeast as a model eukaryote. Prog Nucleic Acid Res Mol Biol, 1998.
61: p. 133-79.
11. Sipiczki, M., Phylogenesis of fission yeasts. Contradictions surrounding the
origin of a century old genus. Antonie Van Leeuwenhoek, 1995. 68(2): p. 119-49.
12. Yanagida, M., The model unicellular eukaryote, Schizosaccharomyces pombe.
Genome Biol, 2002. 3(3): p. COMMENT2003.
13. Wood, V., et al., The genome sequence of Schizosaccharomyces pombe. Nature,
2002. 415(6874): p. 871-80.
14. Eisen, J.A., Brouhaha over the other yeast. Nature, 2002. 415(6874): p. 845-8.
91
15. Greenberg, M.L. and J.M. Lopes, Genetic regulation of phospholipid biosynthesis
in Saccharomyces cerevisiae. Microbiol Rev, 1996. 60(1): p. 1-20.
16. Nitsch, R.M., et al., Evidence for a membrane defect in Alzheimer disease brain.
Proc Natl Acad Sci U S A, 1992. 89(5): p. 1671-5.
17. Lynn, W.S., A. Tweedale, and M.W. Cloyd, Human immunodeficiency virus
(HIV-1) cytotoxicity: perturbation of the cell membrane and depression of
phospholipid synthesis. Virology, 1988. 163(1): p. 43-51.
18. Lloyd, T., et al., Urinary hormonal concentrations and spinal bone densities of
premenopausal vegetarian and nonvegetarian women. Am J Clin Nutr, 1991.
54(6): p. 1005-10.
19. Guinea, R. and L. Carrasco, Phospholipid biosynthesis and poliovirus genome
replication, two coupled phenomena. Embo J, 1990. 9(6): p. 2011-6.
20. Nishizuka, Y., The role of protein kinase C in cell surface signal transduction and
tumour promotion. Nature, 1984. 308(5961): p. 693-8.
21. Berridge, M.J. and R.F. Irvine, Inositol trisphosphate, a novel second messenger
in cellular signal transduction. Nature, 1984. 312(5992): p. 315-21.
22. Nikawa, J., Y. Tsukagoshi, and S. Yamashita, Isolation and characterization of
two distinct myo-inositol transporter genes of Saccharomyces cerevisiae. J Biol
Chem, 1991. 266(17): p. 11184-91.
23. Gaynor, P.M. and M.L. Greenberg, Regulation of CDP-diacylglycerol synthesis
and utilization by inositol and choline in Schizosaccharomyces pombe. J
Bacteriol, 1992. 174(17): p. 5711-8.
24. Culbertson, M.R., T.F. Donahue, and S.A. Henry, Control of inositol biosynthesis
in Saccharomyces cerevisiae: properties of a repressible enzyme system in
extracts of wild-type (Ino+) cells. J Bacteriol, 1976. 126(1): p. 232-42.
25. Culbertson, M.R., T.F. Donahue, and S.A. Henry, Control of inositol biosynthesis
in Saccharomyces cerevisiae; inositol-phosphate synthetase mutants. J Bacteriol,
1976. 126(1): p. 243-50.
26. Ingavale, S.S. and A.K. Bachhawat, Restoration of inositol prototrophy in the
fission yeast Schizosaccharomyces pombe. Microbiology, 1999. 145 ( Pt 8): p.
1903-10.
92
27. Carman, G.M., Henry, S.A., Phospholipid biosynthesis in yeast. Annual Review
of Biochemistry, 1989. 58: p. 635-669.
28. Angus, W.W. and R.L. Lester, The regulated catabolism of endogenous and
exogenous phosphatidylinositol by Saccharomyces cerevisiae leading to
extracellular glycerophosphorylinositol and inositol. J Biol Chem, 1975. 250(1):
p. 22-30.
29. Angus, W.W. and R.L. Lester, Turnover of inositol and phosphorus containing
lipids in Saccharomyces cerevisiae; extracellular accumulation of
glycerophosphorylinositol derived from phosphatidylinositol. Arch Biochem
Biophys, 1972. 151(2): p. 483-95.
30. Dawson, R.M.C., Biochim Biophys Acta, 1959. 33: p. 68-77.
31. Atherton, R.S. and J.N. Hawthorne, The phosphoinositide
inositolphosphohydrolase of guinea-pig intestinal mucosa. Eur J Biochem, 1968.
4(1): p. 68-75.
32. Kemp, P., G. Hubscher, and J.N. Hawthorne, Phosphoinositides. 3. Enzymic
hydrolysis of inositol-containing phospholipids. Biochem J, 1961. 79: p. 193-200.
33. Scott, T.W. and R.M. Dawson, Metabolism of phospholipids by spermatozoa and
seminal plasma. Biochem J, 1968. 108(3): p. 457-63.
34. Seamark, R.F., M.E. Tate, and T.C. Smeaton, The occurrence of scylloinositol
and D-glycerol 1-(L-myoinositol 1-hydrogen phosphate) in the male reproductive
tract. J Biol Chem, 1968. 243(9): p. 2424-8.
35. Patton, J.L., L. Pessoa-Brandao, and S.A. Henry, Production and reutilization of
an extracellular phosphatidylinositol catabolite, glycerophosphoinositol, by
Saccharomyces cerevisiae. J Bacteriol, 1995. 177(12): p. 3379-85.
36. Hawkins, P.T., L.R. Stephens, and J.R. Piggott, Analysis of inositol metabolites
produced by Saccharomyces cerevisiae in response to glucose stimulation. J Biol
Chem, 1993. 268(5): p. 3374-83.
37. Patton-Vogt, J.L. and S.A. Henry, GIT1, a gene encoding a novel transporter for
glycerophosphoinositol in Saccharomyces cerevisiae. Genetics, 1998. 149(4): p.
1707-15.
93
38. Bruce Alberts, A.J., Julian Lewis, Martin Raff, Keith Roberts, Peter Walter,
Molecular Biology of the Cell. 4th ed. 2002: Garland Pub.
39. Almaguer, C., et al., Inositol and phosphate regulate GIT1 transcription and
glycerophosphoinositol incorporation in Saccharomyces cerevisiae. Eukaryot
Cell, 2003. 2(4): p. 729-36.
40. Gilliquet, V. and G. Berben, Positive and negative regulators of the
Saccharomyces cerevisiae 'PHO system' participate in several cell functions.
FEMS Microbiol Lett, 1993. 108(3): p. 333-9.
41. Kaffman, A., et al., Phosphorylation of the transcription factor PHO4 by a cyclin-
CDK complex, PHO80-PHO85. Science, 1994. 263(5150): p. 1153-6.
42. O'Neill, E.M., et al., Regulation of PHO4 nuclear localization by the PHO80-
PHO85 cyclin-CDK complex. Science, 1996. 271(5246): p. 209-12.
43. Oshima, Y., The phosphatase system in Saccharomyces cerevisiae. Genes Genet
Syst, 1997. 72(6): p. 323-34.
44. Yompakdee, C., et al., A putative membrane protein, Pho88p, involved in
inorganic phosphate transport in Saccharomyces cerevisiae. Mol Gen Genet,
1996. 251(5): p. 580-90.
45. Schneider, K.R., R.L. Smith, and E.K. O'Shea, Phosphate-regulated inactivation
of the kinase PHO80-PHO85 by the CDK inhibitor PHO81. Science, 1994.
266(5182): p. 122-6.
46. Ogawa, N., et al., Functional domains of Pho81p, an inhibitor of Pho85p protein
kinase, in the transduction pathway of Pi signals in Saccharomyces cerevisiae.
Mol Cell Biol, 1995. 15(2): p. 997-1004.
47. Martinez, P., et al., Physiological regulation of the derepressible phosphate
transporter in Saccharomyces cerevisiae. J Bacteriol, 1998. 180(8): p. 2253-6.
48. Wykoff, D.D. and E.K. O'Shea, Phosphate transport and sensing in
Saccharomyces cerevisiae. Genetics, 2001. 159(4): p. 1491-9.
49. Carroll, A.S., et al., Chemical inhibition of the Pho85 cyclin-dependent kinase
reveals a role in the environmental stress response. Proc Natl Acad Sci U S A,
2001. 98(22): p. 12578-83.
94
50. Ogawa, N., J. DeRisi, and P.O. Brown, New components of a system for
phosphate accumulation and polyphosphate metabolism in Saccharomyces
cerevisiae revealed by genomic expression analysis. Mol Biol Cell, 2000. 11(12):
p. 4309-21.
51. McVeigh, I., The nutrition of Schizosaccharomyces pombe. Mycologia, 1955. 47:
p. 13-25.
52. Deshusses, J., Etude ultrastructurale des anomalies cellulaires produites chez la
levure Schizosaccharomyces pombe par divers anti-inositols. Protoplasma, 1970.
70: p. 119-130.
53. Schopfer, W.H., T. Posternak, and D. Wustenfeld, [Research on the role of
myoinositol in the cellular biology of Schizosaccharomyces pombe Lindner]. Arch
Mikrobiol, 1962. 44: p. 113-51.
54. Niederberger, C., et al., Exogenous inositol and genes responsible for inositol
transport are required for mating and sporulation in Shizosaccharomyces pombe.
Curr Genet, 1998. 33(4): p. 255-61.
55. Fernandez, S., et al., Metabolism of the phospholipid precursor inositol and its
relationship to growth and viability in the natural auxotroph
Schizosaccharomyces pombe. J Bacteriol, 1986. 166(3): p. 779-86.
56. Paltauf, F., Utilization of exogenous glycerophospholipids and glycerol-3-
phosphate by inositol-starved yeast. Biochim Biophys Acta, 1985. 835: p. 322-
330.
57. Dolinski, K., Balakrishnan, R., Christie, K. R., Costanzo, M. C., Dwight, S. S.,
Engel, S. R., Fisk, D. G., Hirschman, J. E., Hong, E. L., Issel-Tarver, L.,
Sethuraman, A., Theesfeld, C. L., Binkley, G., Lane, C., Schroeder, M., Dong, S.,
Weng, S., Andrada, R., Botstein, D., and Cherry, J. M., "Saccharomyces Genome
Database".
58. Henderson, P.J., The 12-transmembrane helix transporters. Curr Opin Cell Biol,
1993. 5(4): p. 708-21.
59. Kyte J, D.R., A simple method for displaying the hydropathic character of a
protein. J Mol Biol, 1982. 157(1): p. 105-132.
95
60. R.H., G.R.D.a.S., Transforming yeast with DNA, in Methods Mol. Cell. Biol.
1995. p. 255-269.
61. in Short Protocols in Molecular Biology, e.a. Ausubel F., Editor. 1999, John
Wiley & Sons, Inc.: New York.
62. Transformation Protocols for S. pombe. 2003.
63. Minet, M., M.E. Dufour, and F. Lacroute, Complementation of Saccharomyces
cerevisiae auxotrophic mutants by Arabidopsis thaliana cDNAs. Plant J, 1992.
2(3): p. 417-22.
64. Wang, Precision and functional specificity in mRNA decay. PNAS, 2002. 99(9):
p. 5860-5865.
65. Hereford L.M., R.M., Cell, 1977. 10: p. 453-62.
66. Velculescu V.E., e.a., Cell, 1997. 88: p. 243-51.
67. Mumberg, D., R. Muller, and M. Funk, Yeast vectors for the controlled
expression of heterologous proteins in different genetic backgrounds. Gene, 1995.
156(1): p. 119-22.
68. Kotyk, A. and M. Dvorakova, Are proton symports in yeast directly linked to
H(+)-ATPase acidification? Biochim Biophys Acta, 1992. 1104(2): p. 293-8.
69. Auer, M.e.a., High-Yield Expression and Functional Analysis of Escherichia coli
Glycerol-3-phosphate Transporter. Biochemistry, 2001. 40: p. 6628-6635.
